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Peter Meerlo, PhD, Paul GM Luiten, PhD  Department of Molecular
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 A growing body of evidence based on experimental data demonstrates that glucocor-
ticoids (GCs) can play a potent role in the survival and death of neurons. However, these
observations reflect paradoxical features of GCs, since these adrenal stress hormones are
heavily involved in both neurodegenerative and neuroprotective processes. The actual
level of GCs appears to have an essential impact in this bimodal action. In the present
short review we aim to show the importance of concentration dependent action of GCs on
neuronal cell viability and cell survival in the brain. Additionally, we will summarize the
possible GC-induced cellular mechanisms at different GC concentrations providing a
background for their effect on the fate of nerve cells in conditions that are a challenge to
their survival.
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INTRODUCTION
The glucocorticoids (GCs) secreted from the adrenal cortex (corti-
costerone in rodents and cortisol in primates including humans) exert a
wide range of actions on all cell types in mammals. Among these actions
GCs have an essential impact on the cells of the central nervous system as
they easily pass through the blood brain barrier and bind to intracellular
mineralocorticoid (MR) and glucocorticoid (GR) receptors in neurons
and glia (McEwen et al. 1968, Veldhuis et al. 1982, Van Eekelen et al.
1987, Fuxe et al. 1988, Reul et al. 1985, Pearce et al. 1989). In the central
nervous system, as classical feedback molecules, glucocorticoids maintain
the basal activity of the hypothalamo-pituitary-adrenal (HPA) axis and
facilitate the termination of stress-induced HPA activation (Dallman et al.
1987, Whitnall et al. 1993, Sapolsky et al. 1984). Importantly, GCs also
influence emotional (Cahill et al. 1995, Roozendaal 1999), and learning
and memory processes (Bohus et al. 1975, De Kloet 1999, Hui et al.
2004), and are involved in the coordination of such circadian events as
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the sleep-awake cycle and food intake (Bradbury 1998, Dallman 1995).
Beside these actions on behavioral brain functions GCs are also known to
have a critical impact on neuronal cell survival and viability in conditions
that challenge the fate of the nervous tissue e.g. during aging, and in neu-
rodegenerative disease conditions (Abraham et al. 2001, Yusim et al.
2000, Sapolsky 1996).
In the last decades clinical observations pointed out that elevated GC
concentrations and/or changes in the daily profile of GC release provide
a clinical background to the pathogenesis of endocrine and psychiatric
disorders [e.g. Cushing’s disease, depression, post-traumatic stress disor-
der (PTSD)] as well as neurodegenerative diseases like Alzheimer’s and
Parkinson’s disease (AD and PD) and cerebral ischemic stroke (Sapolsky
1996, Weiner et al. 1997, Hartmann et al. 1997, Smith et al. 2002). On the
other hand, a fine-tuned action of GCs is essential for neural develop-
ment and for the maintenance of neural integrity and function in adult-
hood, as these hormones exert neuroprotective roles in adult brain in a
certain concentration-window (Sloviter et al. 1989, Trejo et al, 1995,
Abraham et al. 1997, 2000). More recent experimental findings clearly
demonstrate that GCs are a major factor in new cell proliferation and
neurogenesis in the adult brain.
The concentration of GCs appears to be pivotal in their action on
cells. Importantly, most of the vertebrate corticosterone and/or stress
experiments on the central nervous system were performed on rodents
(especially on rats), although some work was also done on primates
(Sapolsky 1990, Sanchez et al. 2000). An overall conclusion from the lit-
erature is that the physiological plasma corticosterone concentration
range in rats is roughly between 20-50 nM, while elevated levels in rodents
from 100 nM and higher may be considered as ‘stress’ levels of this hor-
mone (Abraham et al. 1998, 2001). Excessive or overexposure of GCs
start at 200 nM concentrations or even higher. In the mechanisms of GC-
induced changes to the nervous tissue an obvious concentration-related
parameter is the duration of the GC exposure. While a transient elevation
of stress-induced corticosterone concentration may last at least 1 hour,
GC overexposure associated with pathogenic mechanisms can be defined
as the sustained high concentration of corticosterone lasting for at least
one week (Luine et al. 1994, Watanabe et al. 1992). To explore the effects
of corticosterone on the other end of the concentration scale in experi-
ments with rodents, bilateral adrenalectomy (ADX) can be a useful in
vivo method to observe and study neurodegenerative processes in ani-
mals with a total lack of corticosterone. 
In the present communication we will shortly review the strikingly
potent role of different GC concentrations in the GC-induced bimodal
type of action on neuronal cell survival and viability. In addition, the pos-
sible underlying mechanism of action will be discussed. 
Glucocorticoids and neuronal viability and survival
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1. EFFECT OF DIFFERENT CONCENTRATIONS OF GCS 
ON NEURONAL CELL VIABILITY
The effects of adrenalectomy on the hippocampus in rodents can
now be regarded as classical data, where ADX results in the loss of gran-
ule cells of the dentate gyrus (DG), by way of detrimental mechanisms
resembling cellular hallmarks of neuronal apoptosis (Sloviter 1989,
1993). In some experiments, however, where a lack of DG cell pathology
was observed after ADX, this effect could be explained by the existence
of extra-adrenal ectopic tissue or incomplete adrenalectomy secreting
detectable amounts of GCs (Jaarsma et al. 1992, Sloviter 1993). These
findings at least demonstrated the difference between a very low GC level
and a total absence of GC in neuronal survival and addresses the role of
GC in the very low concentration range. 
On the other hand, stress level or overexposure of GCs, similarly to
the ADX-induced effect -, may cause neurodegenerative changes in the
central nervous system which shows the “whip-saw”- nature of action of
GCs on neuronal cell survival. Experiments conducted in various labora-
tories indicated that a 12-hour/day overexposure to corticosterone for 3
months resulted in a ~20% loss of hippocampal neurons (Sapolsky 1985,
Arbel et al. 1994, Clark et al. 1995). Interestingly, these GC-induced exac-
erbations do not show any apoptotic features appearing in in vitro inves-
tigations in hippocampal tissue cultures (Roy and Sapolsky 2003).
However, others failed to show significant loss of neurons in tree shrews
after applying similar high doses of corticosterone, which suggests that a
possible strain and species dependency exists in GC-induced neurode-
generation (Vollmann-Holsdorf et al. 1999).
It is worth noting the neuroanatomical consequence of these data, as
the hippocampus appears to be the most affected forebrain area where
lack of - or direct exposure to elevated concentrations of GCs induces the
most outspoken neurodegenerative processes (Arbel et al. 1994, Clark et
al. 1995, Dachir et al. 1993). In fact, the hippocampus is the principal
extrahypothalamic target of GCs that abundantly expresses both GR and
MRs (Veldhuis et al. 1982, Van Eekelen et al. 1987, Fuxe et al. 1988, Reul
et al. 1985). However, not the entire hippocampal formation is sensitive
to GC overexposure. Pharmacological data demonstrate that high con-
centrations of GCs are predominantly toxic to pyramidal cells in the CA3
region of the hippocampus (Hibberd et al. 2000, Landfield et al. 1994,
Kerr et al. 1994), while damage to CA1 pyramidal cells was less frequent-
ly demonstrated (Levy et al. 1994). The reason of this region selectivity is
not known, but it is tempting to speculate that CA3 degeneration is a sec-
ondary process and results indirectly from GC-induced changes in the
functioning and signaling of granule cells terminating on apical den-
drites of CA3 pyramidal cells (Patchev 1999). In contrast to the effects of
high or low GC concentration, physiological or only slightly elevated GC
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
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levels fail to have any deleterious effect on neuronal cell viability in any
animal model investigated so far (Abraham et al. 2001). 
Last but not least, the direct GC-induced neuroprotective/neurode-
generative action and their concentration dependence, has potentially
major consequences for the human brain. In general terms, exogenous
administration of GCs is an effective strategy in clinics to suppress inflam-
matory reactions in neurological disorders like multiple sclerosis, trau-
matic brain injury and spinal cord injury. However, the concentration of
GCs and the duration of treatment is a critical factor in the clinical prac-
tice as well. Regarding the ADX-induced neuronal loss, although a rare
condition in humans, there is some human relevance for such effects
since a case report indicated selective loss of granule cells in a female
patient with adrenocortical deficiency syndrome (Maehlen et al. 1990). It
is well known that the physiological or a temporarily elevated GC con-
centration is more likely to be beneficial than harmful in humans and at
those concentrations GCs preserve the physiological metabolism of the
neurons and regulate the normal activity of the HPA axis. However,
recent pharmacological evidence indicates that chronic administration of
the GR agonist dexamethasone - as part of the anti-inflammatory therapy
for rheumatoid arthritis - leads to widespread neuronal atrophy in the
brain (Benston et al. 1978, Hoogervorst 2002). Similarly, results of clini-
cal studies lend support to the notion that overexposure of the endoge-
nous plasma corticosterone levels may be regarded as a major risk factor
for neurodegenerative disorders in the human brain in particular when
present or applied in combination with other jeopardizing conditions
(Sapolsky 1996). This notion is further supported by the observation that
patients with AD and PD exhibit significantly higher total plasma cortisol
concentrations, whereas the diurnal variation of cortisol secretion did not
differ from healthy controls (Hartmann et al. 1997, Weiner et al. 1997).
Moreover, a significant correlation between increased plasma cortisol lev-
els and the degree of mental deterioration and decreased volume of the
hippocampus was demonstrated in AD patients (De Leon et al. 1988).
Based on clinical and experimental investigations, a working hypothesis
suggests that a high GC concentration might be a key factor in the loss of
dopaminergic neurons that underlies PD (Smith et al. 2002). In
endocrinological disorders such as Cushing’s syndrome it is the high plas-
ma cortisol concentration that may deteriorate the function and struc-
ture of the central nervous system. In fact, clinical studies demonstrated
a reduced volume of the hippocampus and impaired cognitive function
correlating with an increase in plasma cortisol levels in patients with
Cushing’s syndrome (Starkman 1992, 2003). It is worth noting that the
normalization of cortisol levels in Cushing’s disease decreases the hip-
pocampal atrophy indicating a partly reversible effect of high cortisol in
neuronal integrity (Starkman 1999). In addition, there is evidence that
Glucocorticoids and neuronal viability and survival
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supports high GC concentrations as a predisposition factor in the patho-
genesis of psychiatric affective disorders, such as major depression and
PTSD. The impaired function of the hippocampus appears to play a piv-
otal role in the manifestation of major depression (Lee et al. 2002). Since
the cortisol level is elevated in patients with major depression, it is tempt-
ing to speculate that the threat to hippocampal neurones by high cortisol
might lead or add to the manifestation of the disease. This working
hypothesis is supported by a clinical study where the hippocampal vol-
ume in individuals with major depression exhibited pronounced negative
correlation with the plasma concentration of cortisol (Sheline 1996). It
should be noted, however, that the rather minimal cell loss in the hip-
pocampus does not have a predominant role in this reduction of hip-
pocampal volume (Gurvits et al. 1996, Lucassen 2001) and that hip-
pocampal volume reduction should be attributed to tissue shrinkage and
probably dendritic atrophy. In this respect it is noteworthy that some
patients with major depression showed a strong astrocytic reaction and
enhanced synaptic reorganization in the hippocampus (Muller et al.
2001). Interestingly, patients with PTSD also exhibit a reduced volume of
the hippocampus even without cortisol hypersecretion (Gurvits et al.
1995, Bremner et al. 1995). This fact clearly indicates episodic stress
and/or temporary hypersecretion of cortisol, which might elicit irre-
versible changes in susceptible brain structures and potentially lead to
the subsequent manifestation of PTSD. 
Summarizing these facts, an obvious conclusion that can be drawn
based on literature reports is that the concentration of GCs is a critical
factor in the neuronal viability. Both lack and overexposure or prolonged
administration of GCs increases the possibility of neurodegenerative
processes. In contrast, the physiological or slightly elevated concentration
of GCs preserves the integrity of neuronal cells. 
2. IMPACT OF DIFFERENT GC CONCENTRATIONS ON 
NEURONAL CELL SURVIVAL AT DIFFERENT NOXIOUS STIMULI
Besides the direct action of different concentrations of GCs on neu-
ronal cellular vitality and survival, variations in GC concentrations effec-
tively alter the neuronal responses under noxious conditions as well. 
ADX enhances the vulnerability of neurons to excitotoxic insults
which is the case in ischemic stroke and Alzheimer’s disease, but proba-
bly to other well known neurodegenerative disorders as well. In this
regard, recent studies in the authors’ laboratories demonstrated that
ADX and very low corticosterone concentrations significantly potentiated
β-amyloid (Aβ)- and N-methyl-D-aspartate (NMDA)-induced excitotoxici-
ty to cholinergic neurons of the rat magnocellular nucleus basalis
(Abraham et al. 2000). 
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
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Similar to ADX, the overexposure of GCs can endanger neurons
again via enhancing their vulnerability of nerve cells to neurotoxic insults
(Sapolsky and Pulsinelli 1985). In this regard, stress levels of corticos-
terone were demonstrated to increase neuronal damage in the hip-
pocampus following acute hypoxia/ischemia in both rats and gerbils, as
well as to aggravate the effect of hypoglycemia in hippocampal tissue
explants (Kide et al 1986, Morse et al. 1990, Yusim et al. 2000). Moreover,
stress levels of corticosterone contribute to the augmentation of neuronal
loss induced by a variety of neurotoxins, like NMDA, Aβ (Abraham et al.
2000), kainic acid (Sapolsky 1986), 3-acetylpiridine (Sapolsky et al. 1985),
and ethylcholine aziridinium (Hortnagl et al. 1993, Amoroso et al. 1993).
Interestingly, in some cases the deleterious effect of GCs can be out-
weighed by certain metabolic conditions, leading to neuroprotection.
Accordingly, despite sustained elevated corticosterone concentrations,
caloric restriction decreases the risk of GC-induced neurodegeneration
and increases the resistance of neurons to toxins and injury (Patel and
Finch, 2002).
On the other hand, corticosterone itself has neuroprotective poten-
tial against excitotoxic insults at slightly elevated concentrations.
Corticosterone concentrations ranging from 20-270 nM in blood plasma
profoundly attenuate both NMDA and Aβ toxicity on cholinergic neu-
rons of the rat magnocellular nucleus basalis (Abraham et al. 2001). In
addition the slightly elevated and stress levels of GCs as most powerful
immunosupressors play a major role in protecting the brain against
immunochallenge such as exposure to bacterial cell wall components
(Nadeau and Rivest 2003).
Taken together, similar to the GC-induced action on neuronal viabili-
ty corticosterone has a bi-directional effect on neuronal survival as indi-
cated by various studies including our own experimental observations.
This bidirectional effect becomes apparent in the U-shaped profile of a
dose-response relationship between plasma corticosterone concentration
and the extent of damage to cholinergic basal forebrain neurons
(Abraham et al. 2001). Whereas ADX (eventual loss of serum corticos-
terone), and highly elevated corticosterone concentrations (310-650 nM)
potentiate both NMDA- and Aβ-triggered excitotoxicity, moderate levels of
plasma corticosterone in a narrow concentration window exert significant
protection against excitotoxic neuronal damage (Abraham et al, 2001).
3. THE IMPACT OF DEVELOPMENT AND AGEING IN GC-INDUCED 
NEURODEGENERATIVE/NEUROPROTECTIVE ACTION AT DIFFERENT 
GC CONCENTRATIONS 
During the perinatal period, a constant basal level of GCs is essential
for normal development of the CNS (Gould et al. 1997). Accordingly,
birth and death of granular cells of the dentate gyrus appears to be reg-
Glucocorticoids and neuronal viability and survival
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ulated by GCs. Their pivotal role during development is further support-
ed by experimental studies reporting protective effects of dexamethasone
in a neonatal model of hypoxic-ischemic brain injury (Tuor et al. 1993,
1995). Also considering the fact that lack of corticosterone induced apop-
tosis in dentate gyrus, Sloviter and colleagues postulated that GCs are
protective ‘obligatory growth factors’ for hippocampal granule cells (Sloviter
et al. 1993). It is worth noting, however, that long lasting neonatal over-
exposure of GR by dexamethasone induces serious deficits in synaptic
plasticity and spatial learning in adulthood (Kamphuis et al. 2003). These
experimental results further suggest that the fine-tuned concentration
windows of GCs are important in the GC-induced effect on neuronal cell
survival during development as well. 
In contrast to the enhanced survival potential of neonatal neurons,
aging of the brain is associated with the reduced ability of neurons to sta-
bilize their ion (notably the maintenance of Ca2+) homeostasis, and with
enlarged ACTH and corticosterone responses to stress, which lead to the
enhancement of GC-induced neurodegeneration of nerve cells. Early
studies of Landfield and colleagues demonstrated that adrenal hypertro-
phy and subsequent prolonged hypersecretion of corticosterone positive-
ly correlate with increased neuronal damage and appearance of reactive
astroglia in the hippocampus during aging (Landfield et al. 1978).
Additionally, elevated basal corticosterone levels accelerated hippocam-
pal neuronal damage in aging (Issa et al. 1990). Pharmacological studies
demonstrated that antagonism of GR with RU486 significantly attenuated
the age-related hippocampal damage (Talmi et al. 1996), while aging
exacerbates the dexamethasone-induced apoptosis in the DG (Hassan et
al. 1996). Moreover, a continuously elevated amount of corticosterone
delivered by means of foot-shocks for 6 months significantly increased
hippocampal aging (Kerr et al. 1991).
Taken the above data together ageing slightly modifies the bimodal
role of GCs on neuronal cell viability and survival. While GCs are essen-
tial to neuronal development, aging increases the neurodegenerative
potential of high GC concentrations. 
4. POSSIBLE MECHANISMS AT DIFFERENT GC CONCENTRATIONS
UNDERLYING THE BIMODAL ACTION OF GCS UPON NEURONAL 
CELL SURVIVAL AND VIABILITY
In general terms, GCs may have an offensive or a defensive action on
neurons leading to consequent neuroprotective or neurodegenerative
process. In this paragraph of this review, we aim to shed some light on the
mechanisms underlying this bimodal action and the role of different GC
concentrations in these mechanisms.
Before starting to discuss the possible mechanisms, we should men-
tion the critical role of distinct classes of corticosteroid receptors in
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
44
7
Ábrahám et al.: Glucocorticoids and neuronal viability and survival
Published by ScholarWorks@UMass Amherst, 2014
determining the cellular outcome of GC action on neuronal cell physi-
ology and maintenance of its integrity. Importantly, the MR and GR have
a different binding affinity to corticosterone. Binding studies indicate
that MR associates with corticosterone with high affinity while GR has a
10-fold lower affinity for corticosterone (De Kloet et al. 1998). Basal cor-
ticosterone concentrations saturate the MR binding capacity and GR can
be activated in addition to MR when corticosterone levels are high (Reul
and De Kloet 1985). Deleterious effects of GCs are mediated by low-affin-
ity GR, which is also evidenced by the pharmacological observation
where synthetic GR agonists [e.g. methylprednisolone (Hall et al. 1985,
Uhler et al. 1994) and dexamethasone (Koide et al. 1986)] share the
ability to cause significant neurodegeneration, whereas non-GR ligands
do not have neurodegenerative potential in the brain (Goodman et al.
1996, Packan et al. 1990). These facts are further supported by experi-
ments on Purkinje cells, where the administration of GR antagonist
RU486 can effectively protect these cells form apoptotic processes in the
cerebellum (Ghoumari et al. 2003). It is worth noting that this effect may
be mediated via novel mechanisms and/or unknown variant(s) of GR.
Moreover, GR-mediated neuronal loss can be effectively abrogated by
the simultaneous activation of the MR, suggesting that MRs mediate neu-
roprotective effects of GCs (Sousa at al. 1999). Almeida et al. (2000) pro-
vided further indication on the critical role of MR/GR balance in neu-
ronal survival. In fact, stimulation of GR was shown to lead to neuronal
apoptosis by significantly increased expression of the pro-apoptotic mol-
ecule Bax, relative to that of the anti-apoptotic molecules Bcl-2, or Bcl-
X, whereas opposite, neuroprotective effects were observed following
stimulation of MR. Thus the balance of MR/GR in neuronal survival and
viability appears to be essential. However, in spite of the concordant
experimental data in rodents, studies on primates do not support these
findings. Indeed, neuroanatomical investigation reveals a very low level
of GRs in the primate hippocampus (Sanchez et al. 2000). These data
also suggest that GCs effect is predominantly mediated via MRs in the
primate hippocampus. 
The metabolic conditions such as the bioavailability of glucose have a
pivotal impact on the maintenance of the integrity of neuronal cells. GCs
as catabolic hormones can block the uptake and/or the metabolism of
glucose and as such threaten fundamental physiological neuronal func-
tions. Besides the GC-induced blockade of transendothelial glucose trans-
port in the brain, GCs have a potential inhibition on glucose uptake in
neurons and glia as revealed in the hippocampus (Sapolsky 1996, Doyle
1993). This GC-induced disruption in neuronal glucose utilization and
consequent energetic failure in neurons might explain the lack of ener-
gy-dependent apoptotic processes following GC overexposure (Roy and
Sapolsky 2003). On the other hand, this GC-induced metabolic challenge
Glucocorticoids and neuronal viability and survival
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is in itself probably insufficient to directly kill the neurones. However, it
may effectively contribute to the effect of the high level of GCs on the
neuronal cell survival following excitotoxic injury which imposes high
demands on available energy in the nerve cells. In contrast, the conse-
quent high corticosterone level following caloric restriction failed to have
any deleterious effect on neurons (Patel and Finch 2002). Caloric restric-
tion itself has a neuroprotective effect due to combinations of different
mechanisms. In fact, caloric restriction increases the expression of HSP70
and neutrophic factors (e.g. BDNF, NGF) promoting the neuronal sur-
vival and plasticity (Patel and Finch 2002). In addition, caloric restriction
attenuates the oxidative damage and ROS generation and decreases the
glial reaction. According to one hypothesis, these protective effects of
caloric restriction simply outweigh the deleterious effect of GCs in the
brain (Patel and Finch 2002).
Generally, GABA exerts an inhibitory activity in the brain and thus
can be regarded as an intrinsic neuroprotective factor against excitotoxic
brain damage. High concentrations of GCs may deteriorate GABAergic
neurotransmission in the brain, as they significantly reduce the efficacy of
GABAergic signalling by decreasing the binding of GABA, neurosteroids
and benzodiazepines to GABA receptors (Acuna et al. 1990; Zeise et al.
1992). In fact, electrophysiological measurements on brain slices support
the above findings, as the high GC concentrations highly attenuate the
generation of GABAA receptor-mediated inhibitory post-synaptic poten-
tials (Joels and De Kloet 1993). It has been postulated that GC-induced
impairment of GABAergic neurotransmission is probably due to changes
in GABA receptor mechanism rather than the GABA release itself. In fact,
microdialysis studies in freely moving rats failed to show significant effects
of intracerebral GC administration on extracellular GABA concentra-
tions (Abraham et al. 1996; Venero and Borell 1999), suggesting a pre-
dominant role of GABA receptors in these mechanisms.
Besides GABA, the other GC-sensitive essential neurotransmitters are
the excitatory amino acids (EAA) including glutamate and aspartate.
During the past decade an impressive body of evidence emerged on the
critical role of GCs in modulating glutamate metabolism and glutamater-
gic neurotransmission in the brain (Mohaddam 1993, 1994). Importantly,
glutamate binds to metabotropic and ionotropic glutamate receptors
(e.g. NMDA and AMPA receptors) in the brain. At physiological condi-
tions, the glutamate-induced Ca2+ mobilization via NMDA receptors leads
to the enhancement of synaptic communication in both pre- and post-
synaptic elements, and to the formation of highly active perforated synap-
tic contacts (Edwards 1995). Under pathological conditions, however,
excessive glutamate release induces an uncontrolled rise in the intracel-
lular Ca2+ concentration in neurons (Szatkowski and Attwell 1994;
Schousboe et al. 1997). Accordingly, this circumstance may evoke mito-
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
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chondrial dysfunction, increase in the formation of reactive oxygen inter-
mediates and activation of Ca2+-dependent proteases, NO synthase, lipas-
es and nucleases, leading to neuronal damage (Dugan and Choi 1994).
Results of both in vitro investigations on cell culture and in vivo micro-
dialysis studies showed that high GC concentrations might enhance the
neuronal cell vulnerability via excessive glutamate-induced excitoxicity
(Abraham et al. 1996; Moghaddam 1993; Stein-Behrens et al. 1994;
Semba et al. 1995). Indeed, these experiments clearly demonstrated that
overexposure of GCs induces an extracellular glutamate increase in the
brain in which the GC-induced inhibition of astrocytic glutamate uptake
plays a critical role (Virgin et al. 1992). 
Besides the indirect effect of GCs on intraneuronal Ca2+ concentra-
tions via enhanced glutamate increase, chronic absence as well as high
concentrations of corticosterone may directly modulate Ca2+ currents in
nerve cells. In fact, within three days following ADX the amplitude of volt-
age-dependent Ca2+ currents significantly increases (Karst et al. 1994),
concomitant with a relatively small Ca2+-dependent K+ conductance in
hippocampal neurons (Kerr et al. 1989). Chronic exposure to high corti-
costerone concentrations affects the Ca2+ conductance of neuronal mem-
branes in a similar fashion (Karst et al. 1994). Importantly, a single cell
Ca2+ imaging study revealed that high corticosterone levels enhance the
NMDA receptor mediated intraneuronal Ca2+ elevation in the hippocam-
pus (Takahashi et al. 2002). These events become even more deleterious
if the age-related elevation of basal GC concentrations is considered
(Kerr et al. 1989; Thibault et al. 1996). Molecular biological data further
support the direct effects of GCs on Ca2+ currents, as high GC concen-
trations increased the neuronal mRNA content of Ca2+ channel subunits
in ADX rats, whereas chronic supply with corticosterone in the physio-
logical range reduced Ca2+ channel subunit mRNA expression (Nair et al.
1998). Additionally, high concentrations of GCs repress the expression of
plasma membrane Ca2+ pump isoform 1 mRNA in several brain regions,
thereby providing a unique way to reduce Ca2+ extrusion from nerve cells
(Bhargava et al. 2000). Landfield and his colleagues (1992) postulated
that excessive activation of GR and dysregulation of the intracellular Ca2+
homeostasis might be two distinct phases of a single process that signifi-
cantly increases the susceptibility of hippocampal neurons to neurode-
generation during aging and in Alzheimer’s disease. There is however a
limitation to the applicability of the above hypothesis since the presumed
underlying mechanisms were predominantly identified in CA1 neurons.
This fact definitely does not allow ready extrapolation of the pharmaco-
logical data on high GC-induced neurodegeneration to the DG, CA3 and
CA2 regions, or to other brain regions affected in AD. Notably, in spite of
the corticosterone-induced increase of high-voltage-activated calcium
currents and the expression of the alpha1 subunit of the L-type calcium
Glucocorticoids and neuronal viability and survival
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channel in principal neurons of the basolateral amygdala, corticosterone
failed to have any neurodegenarative effect in this area (Karst et al. 2002).
In this paragraph, it is important to mention an essential pre-receptor
mechanism that exists at high levels of GC-induced neurodegeneration.
The metabolism of GCs is controlled by tissue-specific enzymes such as
11ß-hydroxysteroid dehydrogenases (11ß-HSD). Importantly, this enzyme
has two isoforms: 11ß-HSD2 inactivates cortisol while 11ß-HSD1 is a 11ß-
reductase in vivo that acts in many tissues to increase local intracellular
glucocorticoid concentrations (Seckl et al. 2001). Since 11ß-HSD1 is pre-
dominantly expressed in the hippocampus (Moisan 1990), it may
enhance the GC-induced neurodegenerative actions in this region (Rajan
et al. 1996).
We have stated above that GCs are the most powerful endogenous
immunesupressors especially for the innate immune system. In fact, GCs
are potent inhibitors of the transcription of genes encoding proteins
involved in the innate immune system, such as nuclear factor κB (NFκB)
(McKay et al. 1999). Such immune control of GCs on the innate immune
system also exists in the CNS (Nadeau and Rivest 2003). Indeed, follow-
ing bacterial cell wall component lipopolysaccharide (LPS) administra-
tion, the transient elevation of GC concentrations plays a pivotal role in
controlling the microglial TNFα production (Nadeau and Rivest 2003).
Thus, a transiently elevated GC concentration prevents the brain from
the overproduction of neurotoxical TNFα resulting in an essential pro-
tection mechanism for neurons against immune challenge (Nadeau and
Rivest 2003).
Fine-tuned activation of GR at slightly elevated GC concentration also
induce the expression of a broad variety of substances with a neu-
rotrophic potential, such as lipocortin-1 (Flower et al. 1994), basic fibrob-
last growth factor (bFGF) and nerve growth factor (NGF) (Mochetti et al.
1996). In this regard, lipocortin-1 is known to inhibit the synthesis of
prostaglandins and leukotrienes by inhibiting phospholipase A2, the key
enzyme of the arachidonic acid cascade, and thereby precludes the sub-
sequent production of potentially cytotoxic oxygen radicals (Flower et al.
1994). In fact, lipocortin-1 acts as a neuroprotective agent against
ischemic insults and inhibits neuronal damage induced by infusion of
NMDA receptor agonists in the brain (Relton et al. 1991). Regarding
bFGF and NGF, in situ hybridization studies revealed that corticosterone
administration elicits the temporal induction of mRNA coding for both
neutrophic growth factors in the cerebral cortex (Mochetti et al. 1996).
Conversely, ADX leads to a decreased expression of neutrophins, which
may be directly associated with increased neuronal damage following
ischemic conditions or hypoglycemic stress (Barbany et al. 1992).
Importantly, immobilization stress which results in an overexposure to
GCs was reported to block NGF mRNA expression in the hippocampus
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(Ueyama et al. 1997), where most of the GC-induced damaging effects
occur. Taken together, these result may point to the fact that GCs in a nar-
row concentration window can activate protective factors such as
lipocortin-1, NGF and FGF, but overexposure or lack of GC production
may inhibit neutrophin expression and neutrophin linked-signal trans-
duction pathways.
In spite of the complex mechanism of action of GCs on neuronal cell
survival and viability, some overall final conclusions can be drawn based
on literature reports and our own experimental findings. GCs can acti-
vate both neurodegenerative as well as neuroprotective processes. Both
the lack or a high concentration of GC may initiate and/or work in con-
cert with endangering mechanisms in neurons, whereas physiological or
mildly elevated GC concentrations stimulate defensive molecular events
in the central nervous system.
5. SUMMARY
In the present review we provided a survey of evidence showing that
physiological levels of GC concentrations provide a balanced milieu for
neuronal maintenance while a slightly increased GC levels may even
induce neuroprotective processes. In contrast, the lack or high concen-
trations of GCs may shift this sensitive balance into the neurotoxic range.
Importantly, the set point of these concentration-dependent actions of
GCs may be different when viewed from the aspect of different brain
structures, distinct metabolic conditions or ageing. Although particular
cellular mechanisms of GC action are relatively well characterized, a com-
prehensive and integral understanding of the precise GC concentration-
dependent molecular mechanism should be elucidated in the future. As
such, further molecular biological studies must reveal how and when a
shift from the neuroprotective (physiological) to the neurotoxic effect in
the GCs’ balance range occurs.
ACKNOWLEDGMENT
This work was supported by National Science Research Grant OTKA
#030681, ##047217, #04711, Marie Curie Reintegration Grant, RET DNK,
MEDICHEM II, Richter Centenarium Research Grant and Bolyai Janos
fellowship (to IMA).
REFERENCES
Almeida OF, Conde GL, Crochemore C, Demeneix BA, Fischer D, Hassan AH, Meyer M, Holsboer F,
Michaelidis TM. 2000 Subtle shifts in the ratio between pro- and antiapoptotic molecules after
activation of corticosteroid receptors decide neuronal fate. FASEB J; 14: 779-790.
Ábrahám I, Harkany T, Horvath KM, Veenema AH, Penke B, Nyakas C, and Luiten PGM. 2000.
Chronic corticosterone administration dose-dependently modulates Aβ(1-42)- and NMDA-
induced neurodegeneration in rat magnocellular nucleus basalis. J Neuroendocrinol 12:486-94.
Glucocorticoids and neuronal viability and survival
49
12
Dose-Response: An International Journal, Vol. 4 [2014], Iss. 1, Art. 5
https://scholarworks.umass.edu/dose_response/vol4/iss1/5
Abraham I, Juhasz G, Kekesi KA, and Kovacs KJ. 1998. Corticosterone peak is responsible for stress-
induced elevation of glutamate in the hippocampus. Stress 2:171-81.
Ábrahám I, Juhász G, Kékesi KA, and Kovács KJ. 1996. Effect of intrahippocampal dexamethasone on
the levels of amino acid transmitters and neuronal excitability. Brain Res 733: 56-63.
Ábrahám I, Veenema AH, Nyakas C, Harkany T, Bohus BGJ, and Luiten PGM. 1997. Effect of corti-
costerone and adrenalectomy on NMDA-induced cholinergic cell death in rat magnocellular
nucleus basalis. J Neuroendocrinol 9: 713-720.
Abraham IM, Harkany T, Horvath KM, and Luiten PG. 2001. Action of glucocorticoids on survival of
nerve cells: promoting neurodegeneration or neuroprotection? J Neuroendocrinol 13:749-60.
Acuna D, Fernandez B, Gomar MD, del Aguila CM, and Castillo JL. 1990. Influence of the pituitary-
adrenal axis on benzodiazepine receptor binding to rat cerebral cortex. Neuroendocrinology
51:97-103.
Amoroso D, Kindel G, Wulfert E, and Hanin I. 1994 Long-term exposure to high levels of corticos-
terone aggravates AF64A-induced cholinergic hypofunction in rat hippocampus in vivo. Brain
Res 661:9-18.
Arbel I, Kadar T, Silbermann M, and Levy A. 1994. The effects of long-term corticosterone adminis-
tration on hippocampal morphology and cognitive performance of middle-aged rats. Brain Res
657:227-235.
Barbany G, and Persson H. 1992. Regulation of neurotrophin mRNA expression in the rat brain by
glucocorticoids. Eur J Neurosci 4:396-403.
Bentson J, Reza M, Winter J, and Wilson G. 1978. Steroids and apparent cerebral atrophy on com-
puted tomography scans. J Comput Ass Tomograph 2:16-23.
Bhargava A, Meijer OC, Dallman MF, and Pearce D. 2000. Plasma membrane calcium pump isoform1
gene expression is repressed by corticosterone and stress in rat hippocampus. J Neurosci
20:3129-3138.
Bohus B. Pituitary-adrenal system hormone. 1975. In: Isaacson RL, Pribram PH, eds. The hip-
pocampus. pp 108-145. New York: Plenum Press.
Bradbury MJ, Dement WC, and Edgar DM. 1998. Effects of adrenalectomy and subsequent corticos-
terone replacement on rat sleep state and EEG power spectra. Am J Physiol 275:555-565.
Cahill L, Babinsky R, Markowitsch HJ, and McGaugh JL. 1995. The amygdala and emotional memo-
ry. Nature 377:295-296.
Clark A, Mitre M, and Brinck-Johnsen T. 1995. Anabolic-androgenic steroid and adrenal steroid
effects on hippocampal plasticity. Brain Res 1995; 670: 64-69.
Dachir S, Kadar T, Robinzon B, and Levy A. 1993. Cognitive deficits induced in young rats by long
term corticosterone administration. Behav Neural Biol 60:103-109.
Dallman MF, Akana SF, Levin N, Cascio CS, and Shinsako J. 1987. Characterization of corticosterone
feedback regulation of ACTH secretion. Ann NY Acad Sci 512:402-414.
Dallman MF, Akana SF, Strack AM, Hanson ES, and Sebastian RJ. 1995. The neural network that reg-
ulates energy balance is responsive to glucocorticoids and insulin and also regulates HPA axis
responsivity at a site proximal to CRF neurons. Ann NY Acad Sci 771:730-742.
De Kloet ER, Oitzl MS, and Joëls M. 1999. Stress and cognition: are corticosteroids good or bad guys?
Trends Neurosc 22:422-426.
De Kloet ER, Vreugdenhil E, Oitzl MS, and Joëls M. 1998. Brain corticosteroid receptor balance in
health and disease. Endoc Rev 19:269-301
De Leon MJ, McRae T, Tsai JR, George AE, Marcus DL, Freedman M, Wolf AP, and McEwen BS. 1988.
Abnormal cortisol response in Alzheimer’s disease linked to hippocampal atrophy. Lancet 2:
391-392.
Doyle P, Rohner-Jeanrenaud F, and Jeanrenaud B. 1993. Local cerebral glucose utilization in brains
of lean and genetically obese (fa/fa) rats. Am J Physiol 264:E29-E36
Dugan L, and Choi DW. Excitotoxicity, free radicals, and cell membrane changes. 1994. Ann Neurol
35:S17-S21.
Edwards FA. LTP- a structural model to explain the inconsistencies. 1995. Trends Neurosci 18:250-
255.
Flower RJ, and Rothwell NJ. Lipocortin-1: cellular mechanism and clinical relevance. 1994. Trends
Pharmacol Sci 15:71-76.
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
50
13
Ábrahám et al.: Glucocorticoids and neuronal viability and survival
Published by ScholarWorks@UMass Amherst, 2014
Fuxe K, Wikström A, Okret S, Agnati FL, Härsfstrand A, Yu Z, Granholm L, Zoli M, Vale W, and
Gustafsson J. 1985. Mapping of glucocorticoid receptor immunoreactive neurons in the rat tel-
and diencephalon using a monoclonal antibody against rat liver glucocorticoid receptor.
Endocrinology 117:1803-1812.
Ghoumari AM, Dusart I, El-Etr M, Tronche F, Sotelo C, Schumacher M, and Baulieu EE. 2003.
Mifepristone (RU486) protects Purkinje cells from cell death in organotypic slice cultures of
postnatal rat and mouse cerebellum. Proc Natl Acad Sci 100:7953-8.
Goodman Y, Bruce AJ, Cheng B, and Mattson MP. 1996. Estrogens attenuate and corticosterone exac-
erbates excitotoxicity, oxidative injury, and amyloid beta-peptide toxicity in hippocampal neu-
rons. J Neurochem 66:1836-1844.
Gould E, Tanapat P, and McEwen BS. 1997. Activation of the type 2 adrenal steroid receptor can res-
cue granule cells from death during development. Dev Brain Res 101:265-268.
Gurvits TV, Shenton ME, Hokama H, Ohta H, Lasko NB, Gilbertson MW, Orr SP, Kikinis R, Jolesz
FA, McCarley RW, and Pitman RK. 1996. Magnetic resonance imaging study of hippocampal vol-
ume in chronic, combat-related posttraumatic stress disorder. Biol Psychiatry 40:1091-1099.
Hall ED, McCall JM, Chase RL, Yonkers PA, and Braughler JM. 1987. A nonglucocorticoid steroid
analog of methylprednisolone duplicates its high-dose pharmacology in models of central nerv-
ous system trauma and neuronal membrane damage. J Pharmacol Exp Ther 242:137-142.
Hartmann A, Veldhuis JD, Deuschle M, Standhardt H, and Heuser I. 1997. Twenty-four hour cortisol
release profiles in patients with Alzheimer’s and Parkinson’s disease compared to normal con-
trols: ultradian secretory pulsatility and diurnal variation. Neurobiology Aging 18:285-289.
Hassan AHS, von Rosenstiel P, and Patchev VK. 1996. Exacerbation of apoptosis in the dentate gyrus
of the aged rat by dexamethasone and the protective role of corticosterone. Exp Neurol 140:43-
52.
Hibberd C, Yau JL, and Seckl JR. 2000. Glucocorticoids and the ageing hippocampus. J Anat 4:553-
62.
Hoogervorst EL, Polman CH, and Barkhof F. 2002. Cerebral volume changes in multiple sclerosis
patients treated with high-dose intravenous methylprednisolone. Mult Scler 8:415-9.
Hortnagl H, Berger ML, Havelec L, and Hornykiewicz O. 1993. Role of glucocorticoids in the cholin-
ergic degeneration in rat hippocampus induced by ethylcholine aziridinium (AF64A). J
Neurosci 13:2939-2945.
Hui GK, Figueroa IR, Poytress BS, Roozendaal B, McGaugh JL, and Weinberger NM. 2004. Memory
enhancement of classical fear conditioning by post-training injections of corticosterone in rats.
Neurobiol Learn Mem 8:67-74.
Issa AM, Rowe W, Gauthier S, and Meaney MJ. 1990. Hypothalamic-pituitary-adrenal activity in aged,
cognitively impaired and cognitively unimpaired rats. J Neurosci 10:3247-3254.
Jaarsma D, Postema F, and Korf J. 1992. Time course and distribution of neuronal degeneration in
the dentate gyrus after adrenalectomy: silver impregnation study. Hippocampus 2:143-150.
Joëls M, and De Kloet ER 1993. Corticosteroid actions on amino acid-mediated transmission in rat
CA1 hippocampal cells. J Neurosci 13:4082-4090.
Kamphuis PJ, Gardoni F, Kamal A, Croiset G, Bakker JM, Cattabeni F, Gispen WH, van Bel F, Di Luca
M, and Wiegant VM. 2003. Long-lasting effects of neonatal dexamethasone treatment on spa-
tial learning and hippocampal synaptic plasticity: involvement of the NMDA receptor com-
plex.FASEB J. 17:911-3. 
Karst H, Nair S, Velzing E, Rumpff-van Essen L, Slagter E, Shinnick-Gallagher P, and Joels M. 2002.
Glucocorticoids alter calcium conductances and calcium channel subunit expression in baso-
lateral amygdala neurons. Eur J Neurosci 16:1083-1089.
Karst H, Wadman WJ, and Joëls M. 1994. Corticosteroid receptor modulation of calcium currents in
rat hippocampal CA1 neurons. Brain Res 649:234-242.
Kerr DS, Campbell LW, and Applegate MD. 1991. Chronic stress-induced acceleration of electro-
physiologic and morphometric biomarkers of hippocampal aging. J Neurosci 11:1316-1324.
Kerr DS, Campbell LW, Hao S-Y, and Landfield PW. 1989. Corticosteroid modulation of hippocam-
pal potentials: increased effect with aging. Science 245:1505-1509.
Koide T, Wieloch T, and Siesjö B. 1986. Chronic dexamethasone pre-treatment aggravates ischemic
neuronal necrosis. J Cereb Blood Flow Metab 6:395-403.
Landfield PW, Waymire JC, and Lynch G. 1978. Hippocampal ageing and adrenocorticoids: quanti-
tative correlations. Science 202:1098-1102.
Glucocorticoids and neuronal viability and survival
51
14
Dose-Response: An International Journal, Vol. 4 [2014], Iss. 1, Art. 5
https://scholarworks.umass.edu/dose_response/vol4/iss1/5
Landfield PW and Eldridge JC. 1994. The glucocorticoid hypothesis of age-related hippocampal neu-
rodegeneration: role of dysregulated intracellular calcium. Ann NY Acad Sci 746:308-326.
Landfield PW, Thibault O., Mazzanti ML, Porter NM, and Kerr DS. 1992. Mechanism of neuronal
death in brain aging and Alzheimer’s disease: role of endocrine-mediated calcium dyshome-
ostasis. J Neurobiol 23:1247-1260.
Lee AL, Ogle WO, and Sapolsky RM. 2002. Stress and depression: possible links to neuron death in
the hippocampus. Bipolar Disord 4:117-28.
Levy A, Dachir S, Arbel I, and Kadar T. 1994. Aging, stress, and cognitive function. Ann N Y Acad Sci
717:79-88.
Lucassen PJ, Muller MB, Holsboer F, Bauer J, Holtrop A, Wouda J, Hoogendijk WJ, De Kloet ER, and
Swaab DF. 2001. Hippocampal apoptosis in major depression is a minor event and absent from
subareas at risk for glucocorticoid overexposure. Am J Pathol 158:453-68.
Luine V, Villegas M, Martinez C, and McEwen BS. 1994. Repeated stress causes reversible impair-
ments of spatial memory performance. Brain Res 655:251-255.
Maehlen J and Torvik A. 1990. Necrosis of granule cells of hippocampus in adrenocortical failure.
Acta Neuropathol 80:85-87.
McEwen BS, Weiss JM, and Schwartz LS. 1968. Selective retention of corticosterone by limbic struc-
tures in rat brain. Nature 220:911-912.
McKay LI and Cidlowski JA. 1999. Molecular control of immune/inflammatory responses: interac-
tions between nuclear factor-kappa B and steroid receptor-signaling pathways. Endocr Rev
20:435–459
Mocchetti I, Spiga G, Hayes VY, Isackson PJ, and Colangelo A. 1996. Glucocorticoids differently
increase nerve growth factor and basic fibroblast growth factor expression in the rat brain. J
Neurosci 16:2141-2148.
Moghaddam B, Boliano M, Stein-Behrens B, and Sapolsky RM. 1994. Glucocorticoids mediate stress-
induced accumulation of extracellular glutamate. Brain Res 655:251-256.
Moghaddam B. 1993. Stress preferentially increases extraneuronal levels of excitatory amino acids in
the prefrontal cortex: comparison to hippocampus and basal ganglia. J Neurochem 60:1650-
1657.
Moisan M-P, Seckl JR, and Edwards CRW. 1990. 11β-Hydroxysteroid dehydrogenase bioactivity and
messenger RNA expression in rat forebrain: localization in hypothalamus, hippocampus and
cortex. Endocrinology 127:1450–1455.
Morse JK and Davis JN. 1990. Regulation of ischemic hippocampal damage in the gerbil: adrenalec-
tomy alters the rate of CA1 cell disappearance. Exp Neurol 110:86-92.
Muller MB, Lucassen PJ, Yassouridis A, Hoogendijk WJ, Holsboer F, and Swaab DF. 2001. Neither
major depression nor glucocorticoid treatment affects the cellular integrity of the human hip-
pocampus. Eur J Neurosci 14:1603-12
Nadeau S and Rivest S. 2003. Glucocorticoids play a fundamental role in protecting the brain during
innate immune response. J Neurosci. 23:5536-44.
Nair SM, Werkman TR, Craig J, Finnel R, Joëls M, and Eberwine JH. 1998. Corticosteroid regulation
of ion channel conductances and mRNA levels in individual hippocampal CA1 neurons. J
Neurosci 18: 2685-2696.
Packan DR and Sapolsky RM. 1990. Glucocorticoid endangerment of the hippocampus: tissue,
steroid and receptor specificity. Neuroendocrinology 51: 613-618.
Patchev V and Almeida OFX. 1999. Aspects of steroid hormone effects on the structural organization
of the hypothalamus and hippocampus. In: Patchev V., Almeida OFX, eds. Steroid hormone-
dependent organization of neuroendocrine functions. pp 88-95. New York: R.G. Landes Company.
Patel NV and Finch CE. 2002. The glucocorticoid paradox of caloric restriction in slowing brain
aging. Neurobiol Aging. 23:707-17.
Rajan V, Edwards CRW, and Seckl JR. 1996. 11β-hydroxysteroid dehydrogenase in cultured hip-
pocampal cells reactivates inert 11-dehydrocorticosterone, potentiating neurotoxicity. J
Neurosci 16: 65–70.
Relton JK, Strijbos PJ, O’Shaughnessy CT, Carey F, Forder RA, Tilders FJ, and Rothwell NJ. 1991.
Lipocortin-1 is an endogenous inhibitor of ischemic damage in the rat brain. J Exp Med 174:
305-310.
Reul JM, Pearce PT, Funder JW, and Krozowski ZS. 1989. Type I and type II corticosteroid receptor
gene expression in the rat: effect of adrenalectomy and dexamethasone administration. Molec
Endocr 3: 1647-1680.
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
52
15
Ábrahám et al.: Glucocorticoids and neuronal viability and survival
Published by ScholarWorks@UMass Amherst, 2014
Reul JMHM and De Kloet ER . 1985. Two receptor systems for corti-costerone in rat brain: microdis-
tribution and differential occupation. Endocrinology 117:2505–2511
Roozendaal B, Nguyen BT, Power AE, and McGaugh JL. 1999. Basolateral amygdala noradrenergic
influence enables enhancement of memory consolidation induced by hippocampal glucocorti-
coid receptor activation. Proc Natl Acad Sci 96: 11642-11647.
Roy M and Sapolsky RM. 2003. The exacerbation of hippocampal excitotoxicity by glucocorticoids is
not mediated by apoptosis. Neuroendocrinology 77:24-31.
Sanchez MM, Young LJ, Plotsky PM, and Insel TR. 2000. Distribution of corticosteroid receptors in
the rhesus brain: relative absence of glucocorticoid receptors in the hippocampal formation. J.
Neurosci., 20:4657-4668
Sapolsky RM, Krey LC, and McEwen BS. 1984. Glucocorticoid-sensitive hippocampal neurons are
involved in terminating the adrenocortical stress response. Proc Natl Acad Sci 81: 6174-6177.
Sapolsky RM, Krey LC, and McEwen BS. 1985. Prolonged glucocorticoid exposure reduces hip-
pocampal neuron number: implications for aging. J Neurosci 5: 1222-1227.
Sapolsky RM and Pulsinelli WA. 1985. Glucocorticoids potentiate the ischemic brain injury to neu-
rons: Therapeutic implications. Science 229: 1397-1400.
Sapolsky RM, Uno H, Rebert CS, and Finch CE. 1990. Hippocampal damage associated with pro-
longed glucocorticoid exposure in primates. J Neurosci 10: 2897-2902.
Sapolsky RM. 1986. Glucocorticoid toxicity in the hippocampus. Temporal aspects of synergy with
kainic acid. Neuroendocrinology 43: 440-444.
Sapolsky RM. 1996. Stress, glucocorticoids, and damage to the nervous system: the current state of
confusion. Stress 1: 1-19.
Sapolsky RM. 1996. Why stress is bad for your brain. Science 273: 749-750.
Schousboe A, Belhage B, and Frandsen A. 1997. Role of Ca+2 and other second messengers in exci-
tatory amino acid receptor mediated neurodegeneration: clinical perspectives. Clin Neurosci 4:
194-198.
Semba J, Miyoshi R, Kanazawa M, and Kito S. 1995. Effect of systemic dexamethasone on extracellu-
lar amino acids, GABA and acetylcholine release in rat hippocampus using in vivo microdialysis.
Funct Neurol 10:17-21.
Sheline YI, Wang PW, Gado MH, Csernansky JG, and Vannier MW. 1996. Hippocampal atrophy in
recurrent major depression. Proc Natl Acad Sci USA 93:3908-3913.
Sloviter RS, Dean E, and Neubort SL. 1993. Electron microscopic analysis of adrenalectomy-induced
hippocampal granule cell degeneration in the rat: apoptosis in the adult central nervous system.
J Comp Neurol 330:337-351.
Sloviter RS, Sollas AL, Dean E, and Neubort SL. 1993. Adrenalectomy-induced granule cell degen-
eration in the rat hippocampal dentate gyrus: characterization of an in vivo model of controlled
neuronal death. J Comp Neurol 330:324-336.
Sloviter RS, Valiquette G, Abrams GM, Ronk EC, Sollas AL, Paul AI, and Neubort SL. 1989. Selective
loss of hippocampal granule cells in the mature rat brain after adrenalectomy. Science 243: 535-
538.
Smith AD, Castro SL, and Zigmond MJ. 2002. Stress-induced Parkinson’s disease: a working hypoth-
esis. Physiol Behav. 77:527-531.
Sousa N, Paula-Barbosa MM, and Almeida OF. 1999. Ligand and subfield specificity of corticoid-
induced neuronal loss in the rat hippocampal formation. Neuroscience 89: 1079-1087.
Starkman MN, Gebarski SS, Berent S, and Schteingart DE. 1992. Hippocampal formation volume,
memory dysfunction, and cortisol levels in patients with Cushing’s syndrome. Biol Psychiatry
32:756-765.
Starkman MN, Giordani B, Gebarski SS, Berent S, Schork MA, and Schteingart DE. 1999. Decrease
in cortisol reverses human hippocampal atrophy following treatment of Cushing’s disease. Biol
Psychiatry 46:1595-1602.
Starkman MN, Giordani B, Gebarski SS, and Schteingart DE. 2003. Improvement in learning associ-
ated with increase in hippocampal formation volume. Biol Psychiatry 53:233-238.
Stein-Behrens BA, Lin WJ, and Sapolsky RM. 1994. Physiological elevations of glucocorticoids poten-
tiate glutamate accumulation in the hippocampus. J Neurochem 63:596-602.
Szatkowski M and Attwell D. 1994. Triggering and execution of neuronal death: two phases of gluta-
mate release by different mechanism. Trends Neurosci 17:359-365.
Glucocorticoids and neuronal viability and survival
53
16
Dose-Response: An International Journal, Vol. 4 [2014], Iss. 1, Art. 5
https://scholarworks.umass.edu/dose_response/vol4/iss1/5
Takahashi T, Kimoto T, Tanabe N, Hattori TA, Yasumatsu N, and Kawato S. 2002. Corticosterone
acutely prolonged N-methyl-d-aspartate receptor-mediated Ca2+ elevation in cultured rat hip-
pocampal neurons. J Neurochem. 83:1441-51.
Talmi M, Calrier E, Bengelloun W, and Soumireu-Murat B. 1996. Chronic RU486 treatment reduces
age-related alterations of mouse hippocampal function. Neurobiol Aging 17:9-14.
Thibault O and Landfield PW. 1996. Increase in single L-type calcium channels in hippocampal neu-
rons during aging. Science 272:1017-1020.
Trejo JL, Machin C, Arahuetes RM, and Rua C. 1995. Influence of maternal adrenalectomy and glu-
cocorticoid administration on development of rat cerebral cortex.. Anat Embryol 192:89-99.
Tuor U, Chumas P, and Del Bigio M. 1995. Prevention of hypoxic-ischemic damage with dexamath-
sone is dependent on age and not influenced by fasting. Exp Neurol 132:116-123.
Tuor U, Simone C, Barks J and Post M. 1993. Dexamathasone prevents cerebral infarction without
affecting cerebral blood flow in neonatal rats. Stroke 24:452-458.
Ueyama T, Kawai Y, Nemoto K, Sekimoto M, Tone S, and Senba E. 1997. Immobilization stress
reduced the expression of neurotrophins and their receptors in the rat brain. Neurosci Res
28:103-110.
Uhler T, Firm D, Pakzaban P, and Isacson O. 1994. The effects of mega-dose methylprednisolone and
U-78517F on glutamate receptor mediated toxicity in the rat neostriatum. Neurosurgery 34:122-
127
Van Eekelen JAM, Jiang W, De Kloet ER, and Bohn MC. 1988. Co-expression of the mineralocorti-
coid and the glucocorticoid receptor gene in the rat hippocampus. J Neurosci Res 21:88-94.
Van Eekelen JAM; Kiss JZ, Westphal HM, and De Kloet ER. 1987. Immunocytochemical study of type
II glucocorticoid receptor in the rat brain. Brain Res 436: 120-128.
Veldhuis HD, Van Coppen C, Van Ittersum M, and De Kloet ER. 1982.Specificity of the adrenal
steroid receptor system in rat hippocampus. Endocrinology 110:2044-2051.
Venero C and Borrell J. 1999. Rapid glucocorticoid effects on excitatory amino acid levels in the hip-
pocampus: a microdialysis study in freely moving rats. Eur J Neurosci 11:2465-2473.
Virgin C, Ha T, Packan D, Tombaugh G, Yang S, Horner H, and Sapolsky RM. 1991. Glucocorticoids
inhibit glucose transport and glutamate uptake in hippocampal astrocytes? Implication for glu-
cocorticoid neurotoxicity. J Neurochem 57:1422-1428.
Vollmann-Honsdorf GK, Flugge G, and Fuchs E. 1997. Chronic psychosocial stress does not affect the
number of pyramidal neurons in tree shrew hippocampus. Neurosci Lett 233: 121-124.
Watanabe Y, Gould E, and McEwen BS. 1992. Stress induces atrophy of apical dendrites of hip-
pocampal CA3 pyramidal neurons. Brain Res 588:341-345.
Weiner MF, Vobach S, Olsson K, Svetlik D, and Risser RC. 1997. Cortisol secretion and Alzheimer’s
disease. Biol Psychiatry 42:1030-1038.
Whitnall MH. 1993. Regulation of the hypothalamic corticotropin-releasing hormone neurosecreto-
ry system. Progr Neurobiol 40:573-629.
Yusim A, Ajilore O, Bliss T, and Sapolsky R. 2000. Glucocorticoids exacerbate insult-induced declines
in metabolism in selectively vulnerable hippocampal cell fields. Brain Res 870:109-117.
Zeise ML, Madamba S, and Siggins GR. 1992. Interleukin-1 beta increases synaptic inhibition in rat
hippocampal pyramidal neurons in vitro. Regul Pept 39:1-7.
I. M. Ábrahám, P. Meerlo, and P. G. M. Luiten
54
17
Ábrahám et al.: Glucocorticoids and neuronal viability and survival
Published by ScholarWorks@UMass Amherst, 2014
